SpoIIIE is an FtsK-related protein that transports the forespore chromosome across the Bacillus subtilis sporulation septum. We use membrane photobleaching and protoplast assays to demonstrate that SpoIIIE is required for septal membrane fission in the presence of trapped DNA, and that DNA is transported across separate daughter cell membranes, suggesting that SpoIIIE forms a channel that partitions the daughter cell membranes. Our results reveal a close correlation between septal membrane fission and the assembly of a stable SpoIIIE translocation complex at the septal midpoint. Time-lapse epifluorescence, total internal reflection fluorescence (TIRF) microscopy, and live-cell photoactivation localization microscopy (PALM) demonstrate that the SpoIIIE transmembrane domain mediates dynamic localization to active division sites, whereas the assembly of a stable focus also requires the cytoplasmic domain. The transmembrane domain fails to completely separate the membrane, and it assembles unstable foci. TIRF microscopy and biophysical modeling of fluorescence recovery after photobleaching (FRAP) data suggest that this unstable protein transitions between disassembled and assembled oligomeric states. We propose a new model for the role of SpoIIIE assembly in septal membrane fission that has strong implications for how the chromosome terminus crosses the septum. The final step of cell division is the separation of daughter cell membranes (septal membrane fission). Although septal membrane fission is universally conserved in all cellular organisms, it remains poorly understood, particularly in prokaryotes. Septal membrane fission in plant and animal cells requires vesicular transport, and it is likely that fusion of vesicles that span the intracellular bridge completes cell division (Finger and White 2002; Jurgens 2005) . Bacterial division commences with membrane constriction, as in animal cells, but there is no evidence for vesicular transport in bacteria, suggesting that they mediate septal membrane fission by a fundamentally different mechanism than eukaryotes.
The final step of cell division is the separation of daughter cell membranes (septal membrane fission). Although septal membrane fission is universally conserved in all cellular organisms, it remains poorly understood, particularly in prokaryotes. Septal membrane fission in plant and animal cells requires vesicular transport, and it is likely that fusion of vesicles that span the intracellular bridge completes cell division (Finger and White 2002; Jurgens 2005) . Bacterial division commences with membrane constriction, as in animal cells, but there is no evidence for vesicular transport in bacteria, suggesting that they mediate septal membrane fission by a fundamentally different mechanism than eukaryotes.
Bacillus subtilis sporulation provides a unique opportunity to study two distinct membrane fission events in a bacterium. First, at the onset of sporulation, the cell divides near the cell pole and traps one chromosome in the septum (Fig. 1A) . Septal membrane fission is therefore complicated by this trapped chromosome, which is translocated into the forespore by the SpoIIIE DNA translocase (Wu and Errington 1994; Errington 2001) . Next, the membrane of the larger mother cell migrates around the smaller forespore in a phagocytosis-like process called engulfment (for review, see Errington 2003; Hilbert and Piggot 2004) . Ultimately the leading edges of the mother cell membrane converge on the distal side of the forespore, and a second membrane fission event pinches off a detached, internalized forespore (Sharp and Pogliano 1999) .
Prior data suggested that both membrane fission events of sporulation involve the SpoIIIE DNA translocase. SpoIIIE is required for cytoplasmic compartmentalization of the two daughter cells (Wu and Errington 1994; Liu et al. 2006 ) and for engulfment membrane fission Pogliano 1999, 2003; Liu et al. 2006) , suggesting that SpoIIIE might play a general role in membrane fission during sporulation. The localization of SpoIIIE to both the septal midpoint (the site of DNA translocation) and to the pole of the engulfed forespore before engulfment membrane fission indicates that the protein is in the right place at the right time to directly participate in both events (Sharp and Pogliano 1999; Wu and Errington 1997 ).
In addition, genetic studies have demonstrated that DNA translocation depends primarily on the cytoplasmic motor domain, while compartmentalization and engulfment membrane fission depend primarily on the N-terminal transmembrane domain Pogliano 1999, 2003; Liu et al. 2006) , indicating that these two functions are genetically separable. The close correlation between defects in cytoplasmic compartmentalization (Wu and Errington 1997; Sharp and Pogliano 1999) . (B,C) Protoplast assays for septal membrane fission in wild type (B) and DspoIIIE (C), showing cell membranes (red) and DNA (green). (Chevrons) Sporangia that generated separate protoplasts; (arrowheads) septa that retracted; (arrows) protoplasts that separated after septal retraction (see also Supplemental Movies S1, S2). (D,E) FRAP assays for septal membrane fission on a mixed culture of CFP-tagged wild-type (blue) and YFP-tagged DspoIIIE (green) cells. (D) Prebleach image also showing FM 4-64-stained membranes in red. (E) Membranes (white) imaged at various times show no recovery for wild type (top) and rapid recovery for DspoIIIE (bottom) forespore membrane fluorescence. Photobleaching of the bleached region (red circle) occurred at 0 sec. (F) Diagrams illustrate membrane structure of wild type and DspoIIIE allowing diffusion from the mother cell to the forespore (arrows), and SpoIIIE ATPÀ (green) blocking diffusion. (G) Plot showing the cFR (see the Materials and Methods) of forespore membrane fluorescence for wild-type (blue) and DspoIIIE (green) sporangia. Each green and blue line represents fluorescence recovery of an individual forespore. The thick black lines show the average recovery for each genotype. (H) Plot showing the average cFR and standard deviation of wild-type, DspoIIIE, and whole-cell bleach events (WC bleach) for 84 sec of recovery time. (I) Average cFR for spoIIIE ATPÀ (red) with standard deviation error bars compared with wild-type average (blue). and in engulfment membrane fission suggested that the cytoplasmic compartmentalization defect of spoIIIE mutants might be due to incomplete septal membrane fission (Liu et al. 2006) .
Based on these results, we proposed that, when the sporulation septum completes constriction, SpoIIIE assembles a transmembrane channel that insulates the negatively charged DNA from the hydrophobic lipid bilayer and its hydrophilic head groups. One model for this structure is a paired transmembrane channel with subunits in both daughter cell membranes encircling the trapped DNA strands (Liu et al. 2006) , which could also mediate the temporary partitioning of the forespore and mother cell membrane during DNA translocation. In support of this model, a recent study found that wild-type sporangia displayed compartmentalized forespore membranes during DNA translocation, and that a translocasedefective, localization-proficient spoIIIE mutant maintained partitioned membranes when DNA traversed the septum (Burton et al. 2007 ). However, this study also concluded that SpoIIIE was not required for septal membrane fission, based on observations suggesting a DspoIIIE mutant showed normal septal membrane fission (Burton et al. 2007 ).
Here we confirm the observation that SpoIIIE maintains membrane compartmentalization during DNA translocation. However, protoplast and fluorescence recovery after photobleaching (FRAP) assays demonstrate that, in the absence of SpoIIIE, the forespore and mother cell membranes remain contiguous, indicating defects in septal membrane fission. Biophysical modeling of lipid diffusion indicates that FRAP can be used as a quantitative assay for membrane geometry and compartmentalization. In addition, we compare FRAP results with assessments of SpoIIIE assembly by several microscopy techniques and find a correlation between the ability of SpoIIIE to assemble and its ability to partition daughter cell membranes. Our data indicate that SpoIIIE assembly is a multistep process, with initial dynamic localization to sites of active cell division mediated by the transmembrane domain, followed by the assembly of a stable translocation complex, which requires both the transmembrane and the cytoplasmic motor domain. These results resolve conflicting observations regarding the role of the transmembrane and motor domains in SpoIIIE assembly, and provide mechanistic insight into septal membrane fission during sporulation.
Results

SpoIIIE is required for septal membrane fission during sporulation
We used two methods to determine if SpoIIIE is required for septal membrane fission. First, we treated cells with lysozyme to digest peptidoglycan, which causes rodshaped Bacillus cells to become spherical protoplasts. If septal membrane fission is complete, the forespore will form a separate protoplast from the mother cell. If septal membrane fission is incomplete, the septum will retract as peptidoglycan is digested. This protoplast assay showed that 46% of flat septa in wild-type cells retract (Fig. 1B, arrowhead) , suggesting that many had incomplete septa with septal openings smaller than the resolution limit of epifluorescence microscopy. Engulfment starts after septation, and is readily visualized by the curving of the septum around the forespore. We found that just 3% of curved wild-type septa retracted, confirming that septation was incomplete in very few cells. In contrast, 97% of curved septa in DspoIIIE cells retracted (Fig. 1C, arrowheads) . Thus, even after the onset of engulfment, most DspoIIIE sporangia fail to complete septal membrane fission.
Protoplast assays also appeared to subject cells to physical stresses that can pinch off several separated protoplasts from a single cell. Specifically, some sporangia first show septal retraction and later pinch off a foresporesized protoplast at the forespore pole (Fig. 1B,C, arrows) . We therefore used a second, more direct method: staining cells with the membrane dye FM 4-64, and then performing a FRAP analysis by photobleaching only the forespore membrane ( Fig. 1D,E) . If septal membrane fission is complete, then the forespore membrane fluorescence will fail to recover because the dye will be unable to diffuse across the septum. However, if septal membrane fission is incomplete, forespore and mother cell membranes remain connected, allowing FM 4-64 to diffuse from the unbleached mother cell into the bleached forespore (Fig.  1F) . In this case, forespore fluorescence should fully recover due to equilibration of membrane dye between the forespore and mother cell.
We performed simultaneous FRAP of forespore membranes of wild-type sporangia expressing a CFP reporter and DspoIIIE sporangia expressing a YFP reporter to observe fluorescence recovery side by side (Fig. 1D) . We bleached forespores with slightly curved septa to select sporangia that had completed cell division. Rapid recovery of forespore fluorescence was observed in only the DspoIIIE strain, suggesting that the membranes of this strain are contiguous, whereas wild-type membranes are separated (Fig. 1E) . Identical results were obtained with two published spoIIIE deletions (Wu and Errington 1994; Pogliano et al. 1997; Sharp and Pogliano 1999) and with the complete deletion of spoIIIE constructed for this study (Supplemental Figure S1) .
We next quantified the results in a manner that allows the results of many individual cells to be overlayed and the average recovery and standard deviations to be calculated ( Fig. 1G-I ). FRAP analysis of wild type showed limited recovery, with an average recovery of 20% membrane fluorescence (corrected fraction recovery [cFR] = 0.2) after 12 sec (Fig. 1G ) and 35% after 84 sec (Fig. 1H) . The whole-cell bleach control also showed a slight recovery (cFR = 0.2 at 84 sec), perhaps due to exchange of fluorescent FM 4-64 from the medium to the cells or due to reversible photobleaching of some FM 4-64 molecules. The slightly greater fluorescence recovery of bleached wild-type forespores than bleached whole cells likely results from incomplete septal bleaching, since the forespore membrane cannot be distinguished from the mother cell membrane at the septum. The failure of wildtype forespores to fully recover indicates that the forespore and mother cell membranes are separated (Fig. 1F) . In contrast, analysis of DspoIIIE sporangia showed complete recovery to 100% of possible fluorescence (cFR = 1) with an average time to half recovery (t 1/2 ) of ;5 sec ( Fig.  1G-H) . This indicates that the forespore and mother cell membranes remain contiguous in the absence of SpoIIIE (Fig. 1F) . Thus, two separate assays demonstrate that SpoIIIE is required for septal membrane fission during B. subtilis sporulation.
SpoIIIE is required for septal membrane fission only in the presence of trapped DNA We next tested whether SpoIIIE was required for septal membrane fission in the absence of trapped DNA. To do so, we used a racA-null mutation, which causes defects in polar chromosome anchoring during sporulation and produces ;50% anucleate forespores (Ben-Yehuda et al. 2003b; Wu and Errington 2003) . We performed protoplast and FRAP experiments on DracA and DracA DspoIIIE cells stained with FM 4-64 and the DNA stain Sytox Green (Becker and Pogliano 2007) to discriminate between sporangia with or without DNA in the forespore. FRAP analysis of racA sporangia showed no significant recovery of forespore fluorescence, independent of DNA trapped in the forespore ( Fig. 2A) . Thus, the racA deletion does not affect septal fission. Two outcomes were observed with DracA DspoIIIE forespores (Fig. 2B,C) . First, sporangia with DNA in the forespore showed a rapid fluorescence recovery similar to DspoIIIE, consistent with a requirement for SpoIIIE in septal fission when DNA traverses the septum. Second, sporangia with no detectable DNA in the forespore showed incomplete recovery similar to wild type, indicating that septal membrane fission was complete in the absence of trapped DNA (Fig. 2B,C) . Similar results were obtained with the protoplast assay (Supplemental Fig. S2 ; Supplemental Movies S3, S4). Thus, SpoIIIE is required for septal membrane fission only when DNA traverses the septum, suggesting that there is another mechanism for septal membrane fission in the absence of trapped DNA.
SpoIIIE partitions the membrane while DNA traverses the septum
To determine if SpoIIIE partitions daughter cell membranes while DNA crosses the septum or after DNA translocation is complete, we blocked DNA translocation with the G467S single-base-pair mutation in a conserved region of the spoIIIE ATPase motor domain. The SpoIIIE ATPÀ protein can still assemble at the septum and mediate cytoplasmic compartmentalization, but cannot translocate DNA, and the forespore chromosome remains trapped in the septum (Wu and Errington 1994; Sharp and Pogliano 1999) . spoIIIE ATPÀ showed a slow and limited fluorescence recovery in FRAP similar to wild type (Fig. 1I ). This suggests that assembly of SpoIIIE ATPÀ around the DNA provides a barrier to FM 4-64 diffusion between the forespore and mother cell membranes even when SpoIIIE is unable to translocate DNA. This finding is consistent with previous results (Burton et al. 2007) , and indicates that the SpoIIIE DNA translocation complex can partition daughter cell membranes.
Role of the SpoIIIE transmembrane domain in membrane fission
We next investigated the role of the SpoIIIE transmembrane domain (SpoIIIE ) in septal membrane fission by performing FRAP analyses on cells expressing various spoIIIE transmembrane mutants. Previous data indicated that SpoIIIE localizes to the septum, supports cytoplasmic compartmentalization in 95% of sporangia, and partially rescues engulfment membrane fission from 1% in DspoIIIE to 13% (Bath et al. 2000; Sharp and Pogliano 2003) . We therefore predicted that expressing only the transmembrane domain would at least partially rescue the septal membrane fission defect of the null strain. FRAP analysis of spoIIIE sporangia produced a broad range of cFR curves ranging from no recovery, similar to wild-type cells, to full recovery, similar to DspoIIIE cells (Fig. 3A) . Additional FRAP experiments demonstrated that cells with intermediate recoveries continued to recover for at least 180 sec (data not shown). This variable outcome (which is addressed below) indicates that SpoIIIE only partially supports septal membrane fission, and that the cytoplasmic domain is also involved in septal membrane fission. We further investigated the role of the transmembrane domain in septal membrane fission by performing FRAP experiments on a previously isolated epitope insertion in the SpoIIIE transmembrane domain (spoIIIE124Ti31, here referred to as spoIIIE FisÀ ) that partially blocks engulfment membrane fission and cytoplasmic compartmentalization without preventing DNA translocation (Liu et al. 2006) .
FRAP analysis of spoIIIE
FisÀ sporangia also showed a broad range of cFR curves, from little or no recovery to complete recovery ( Fig. 3B) , providing further support for the importance of the transmembrane domain in membrane fission.
The effects of the spoIIIE FisÀ mutation on septal membrane fission could occur either after the completion of DNA translocation, as proposed previously by Liu et al. (2006) , or during DNA translocation. To discriminate between these two hypotheses, we combined the spoIIIE(G467S) mutation that blocks DNA translocation to trap DNA across the septum with the spoIIIE124Ti31 mutation to generate a spoIIIE FisÀATPÀ strain. Performing FRAP on spoIIIE FisÀATPÀ sporangia produced the same wide range of cFR curves as in the single SpoIIIE FisÀ mutant (Fig. 3C ), indicating that SpoIIIE FisÀATPÀ fails to support membrane fission while DNA crosses the septum. Thus, the spoIIIE FisÀ mutation affects the ability of the protein to mediate septal fission before or during DNA translocation, rather than afterward.
The observation that the SpoIIIE transmembrane domain (SpoIIIE 1-192 ) did not fully support membrane Table S1 ). The black line of best fit and Spearman's rank correlation (Rs values of 0.576 and 0.697, with P < 0.05 for SpoIIIE
Fis and SpoIIIE FisÀATP ) show a correlation between dim foci and rapid recovery.
fission suggests that the cytoplasmic domain contributes to septal membrane fission. To further investigate the respective contributions of the cytoplasmic and transmembrane domains to SpoIIIE assembly, we deleted the cytoplasmic domain from SpoIIIE FisÀ to produce SpoIIIE . FRAP analysis of this strain demonstrated rapid recovery similar to the spoIIIE-null strain (Fig. 3D) . Thus, deletion of the cytoplasmic domain from a partially fission-defective mutant enhances the membrane fission defect. These results suggest that the transmembrane domain and the cytoplasmic domain cooperate to mediate assembly of a SpoIIIE complex that can partition the forespore and mother cell membranes.
Correlation of mutant SpoIIIE protein assembly and FRAP recovery
The wide range of FRAP recovery curves suggested that individual cells might vary in their ability to assemble a SpoIIIE DNA translocation complex that mediates septal membrane fission. To test this hypothesis, we performed two experiments to determine if there was a correlation between the ability of various SpoIIIE mutant proteins to assemble at the septum and their ability to complete septal membrane fission. First, we inferred the state of SpoIIIE assembly at the septal midpoint by quantifying the fluorescence intensity of wild-type and mutant SpoIIIE-GFP foci. The two membrane fission-proficient proteins, wild-type SpoIIIE-GFP and SpoIIIE ATPÀ -GFP, showed equivalently high GFP focus intensities (Fig. 3E,F -GFP, assembled few detectable foci, which were very dim (Fig.  3J,K) . These results suggest a correlation between decreasing GFP focus intensity and a decreased ability to mediate membrane fission, which we verified does not result from changes in proteins levels (Supplemental Fig. S3 ). Second, we assessed the correlation between GFP focus intensity and FRAP outcomes in individual cells of the spoIIIE
FisÀ and spoIIIE
FisÀATPÀ strains, which show a broad range of FRAP recovery curves and focus intensities. A Spearman's rank correlation test indicated a significant correlation between the assembly of a bright SpoIIIE focus at the septum and membrane compartmentalization (Fig. 3L,M ) in which cells with dimmer GFP foci tended to have faster FRAP recovery rates (Supplemental Table S1 ). The correlation between GFP focus intensity and FRAP recovery suggests a direct involvement of SpoIIIE in septal membrane fission during sporulation.
Multistep pathway for SpoIIIE assembly
To further explore the connection between SpoIIIE assembly and membrane fission, we used fluorescence microscopy to follow SpoIIIE assembly. We first performed time-lapse epifluorescence microscopy over a comparatively long time scale of at least 30 min. This revealed a dynamic population of SpoIIIE molecules at the division site both before and during constriction ( Fig. 4A ; Supplemental Fig. S4 ). The SpoIIIE focus was first observed ;3 min after the apparent completion of septation (Fig. 4A) , although this estimate is imprecise due to the limited spatial resolution of epifluorescence microscopy, which limits the ability to visualize small openings in the septum. Nevertheless, this suggests that the SpoIIIE focus rapidly assembles from a dynamic population of molecules at the septum.
We next used total internal reflection fluorescence (TIRF) microscopy to explore SpoIIIE dynamics with increased temporal resolution. The increased sensitivity of TIRF allows visualization of fewer molecules, and a shorter exposure time allows visualization of rapidly moving molecules. To compensate for the shallow illumination plane, we used partial TIRF in which the laser was aligned so that stable SpoIIIE foci at the septal midpoint (;400 nm into the cell) were clearly imaged. TIRF imaging demonstrated that SpoIIIE initially localizes to incomplete septa as dynamic foci (Fig. 4B,D) . Septal kymographs, in which slices across the septum at each time point are cropped and stacked, more clearly demonstrated movement of SpoIIIE, and suggested that foci either assembled and disassembled on opposite sides of the septum, or moved from one side to the other within seconds (Fig. 4B,D) . Thus, the first step of SpoIIIE assembly is dynamic localization to active division sites, which is challenging to visualize with epifluorescence microscopy but is clearly imaged by TIRF. Cells with flat septa showed two distinct patterns. Most (85%) showed a stable focus that moved little throughout the experiment (Fig. 4C,E) . However, ;15% showed SpoIIIE-GFP that moved within the septum (Fig. 4E) , indicating that either septation is not fully complete in these cells, or the SpoIIIE focus has not yet fully assembled, as confirmed by live-cell photoactivation localization microscopy (PALM) (Fig. 5) .
The transmembrane domain assembles an unstable focus
We next examined the dynamics of the SpoIIIE transmembrane domain by TIRF microscopy. SpoIIIE -GFP molecules showed dynamic localization to incomplete septa that was indistinguishable from the wild type (Fig. 4F) , indicating that the transmembrane domain is sufficient for dynamic septal localization. Cells in which septation appeared to be complete showed dynamic assemblies and foci in frequencies similar to wild type. However, septal kymographs revealed that SpoIIIE -GFP foci were less stable than the wild-type foci. Specifically, SpoIIIE -GFP foci often showed frequent flares emanating out from the central focus (Fig. 4G) . Indeed, even the most stable transmembrane domain focus observed (Fig. 4G, cell 6) showed an occasional diffuse focus not seen in wild type. This suggests that the SpoIIIE transmembrane domain assembles unstable foci. (Wiedenmann et al. 2004) . PALM allows localization of individual SpoIIIE-tdEOS molecules with 20-nm precision and the visualization of SpoIIIE localization at higher, non-diffraction-limited spatial resolution (Betzig et al. 2006; Shroff et al. 2008; McKinney et al. 2009 ). We performed PALM on live cells to avoid membrane perturbations and other artifacts caused by chemical fixation (Supplemental Fig. S5 ). Live-cell PALM demonstrated that SpoIIIE is clearly localized to constricting and flat septa compared with the rest of the membrane (Fig. 5A-C,L) . This high-resolution imaging clearly shows SpoIIIE molecules to be confined near the leading edge of constricting septa, forming clusters on one or both sides of incomplete septa (Fig. 5, class I) , a phenomenon that is much less apparent in diffraction-limited epifluorescence images (Fig. 5, inset) . Flat septa displayed two classes of localization. In 52% of flat septa, two distinct or one elongated cluster of SpoIIIE-tdEOS was distributed along the septal membrane (Fig. 5B, class II) . These are likely incomplete septa with an opening smaller than the resolution of the conventional light microscope, since they occur at a frequency similar to septal retraction in wildtype cells in the protoplast assay (Fig. 1B) . Another 40% show a single cluster of SpoIIIE molecules at the septal midpoint, while 8% display too few molecules to be classified (Fig. 5C, class III) . These septa have likely completed septation and assembled a SpoIIIE DNA translocation complex. Thus, live-cell PALM demonstrates -GFP (F,G) sporangia with clearly incomplete septa (D,F) or flat septa (E,G), based on FM 4-64 staining. Images were collected approximately every 0.5 sec for >37 sec. Septal kymographs for nine individual cells, including three incomplete and six flat septa, were generated by stacking 1 3 18 pixel slices of the septum for each time. Arrowheads indicate the times on the kymographs that correspond to the full cell images shown to the left of the kymographs. The first image shows the membrane, and the three following images show TIRF GFP fluorescence at the indicated times (see also Supplemental Movies S6, S7).
that SpoIIIE first localizes to the leading edge of constricting septa, and then assembles a DNA translocation complex at the septal midpoint.
As expected, SpoIIIE ATPÀ -tdEOS displayed a localization pattern similar to wild type, indicating that loss of DNA translocation does not affect SpoIIIE assembly (Fig. 5D -F,J-L). In contrast to SpoIIIE ATPÀ -tdEOS and SpoIIIEtdEOS, the SpoIIIE -tdEOS fusion showed decreased localization (Fig. 5J-L) and was unable to support septal membrane fission (Supplemental Fig. S5 ), suggesting that the tdEOS fusion decreases the protein's activity or stability. Consistent with the septal fission defect, SpoIIIE tdEOS formed a single cluster in only 10% of flat septa by live-cell PALM (Fig. 5L) . However, SpoIIIE -tdEOS still localized in clusters at the leading edge of 59% of constricting septa, indicating that the transmembrane domain alone can mediate localization of SpoIIIE to the leading edge of constricting septum (Fig. 5G-L) .
Modeling fluorescence recovery in spoIIIE mutants with various cell geometries
In order to establish a quantitative association between SpoIIIE assembly and membrane fission, we tested whether our FRAP data support a purely diffusive model of membrane dynamics (Lizana et al. 2008) , with fluorescence recovery limited by only (1) the time scale required for diffusion across the membrane surface, and (2) the ability of a SpoIIIE complex to block diffusion across the septal pore. To model the dynamics of the density (r) of unbleached, membrane-bound FM 4-64 fluorophores, we numerically solve for the steady state of Fick's equation (Murray 2002) drðr; tÞ dt = DðrÞ= 2 rðr; tÞ ð 1Þ on a three-dimensional surface defining the cell geometry. D(r) is the diffusion constant, which can vary across the membrane at different positions r (particularly at the point of septal constriction where SpoIIIE complexes may slow down diffusion), and r = 1 signifies the maximal concentration of lipid labeling with unbleached dye molecules. We simulate FRAP by initializing the membrane with uniform fluorescence (r = 1), and, after bleaching (at t = 0), the fluorophore density is reduced to 0 across one hemispherical pole. Recovery follows via diffusion of unbleached molecules from the rest of the cell. From the spatiotemporal dynamics of r, we calculate Number and percent of sporangia with tdEOS fusions proteins at constricting and flat septa. For class 1, a SpoIIIE cluster at one or both sides of an incomplete septum was scored as localized. For cells with flat septa, the presence of a SpoIIIE cluster that spread across the septum or more than one cluster were scored as class II, and those with one compact cluster were scored as class III.
Only cells with >11 tdEOS molecules were included in classes I-III. tdEOS molecules with localization precision <50 nm were selected for analysis.
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Cold Spring Harbor Laboratory Press on June 28, 2010 -Published by genesdev.cshlp.org Downloaded from the simulated cFR cFR S (t) = r(x = L,t)/r(x = 0,t), with x = L indicating the forespore pole and x = 0 indicating the forespore distal pole. Using FRAP simulations on the poles of a vegetative cell geometry, we determined that a diffusion constant D = 0.4 mm 2 /sec provides a recovery fraction cFR S (t) that closely matches experimental data ( Fig. 6A; Supplemental Fig. S6 ).
Fixing the diffusion constant eliminates the free parameter in Equation 1, and hence the dynamics of invaginated cells are determined entirely by cell geometry and the state of SpoIIIE assembly. Modeling the geometry of a DspoIIIE cell during sporulation as a doublemembrane invagination, FRAP simulations (Fig. 6B ) generated a recovery curve strikingly similar to experimental measurements for DspoIIIE cells, with a recovery time constant of t 1/2 = 5 sec. This result validates our assumption that fluorescence recovery is a diffusionlimited process, with the slowed recovery in DspoIIIE cells relative to vegetative cells caused by the increased distance traversed by nonbleached molecules as they diffuse across the septal bottleneck. In the presence of a wild-type SpoIIIE complex at the midpoint, we assume that diffusion is blocked, and that the limited recoveries observed for wild-type sporangia (Fig. 1G,H) are not a result of diffusion. Instead, the recovery values are likely due to either incomplete coverage of the pole region with the laser spot or incomplete bleaching of the FM 4-64 molecules.
We next tested whether the wide variability in recovery rates of spoIIIE , spoIIIE FisÀ , and spoIIIE FisÀATPÀ mutants results from assembly of abnormal ''leaky'' channels that are differentially permeable to FM 4-64. We therefore modeled the effects of reducing the FM 4-64 diffusion coefficient at the septal midpoint. Our results indicated that the diffusion coefficient had to be reduced by four orders of magnitude before intermediate recovery curves were observed. However, the simulated curves did not quantitatively match the experimental data (Fig. 6C) , displaying more sigmoidal character. Instead of a static leaky complex, the spatial movements of SpoIIIE observed in TIRF experiments suggested that diffusion across the septum may be dynamically controlled by the assembly state of the SpoIIIE complex. To test this hypothesis, we performed FRAP simulations in which mutant SpoIIIE proteins could be fully assembled and blocking diffusion, or completely disassembled and allowing rapid diffusion. The probability (p) of finding SpoIIIE assembled in any time step of 0.2 sec, matching the acquisition time of TIRF experiments, was varied from p = 1 (always assembled, as in wild-type SpoIIIE) to p = 0 (always disassembled, as in DspoIIIE). Interestingly, FRAP simulations in which p was varied from 0.5 to 1.0 in 0.05 increments produced a range of recovery curves (Fig.  6D ) that closely mimic those observed in SpoIIIE and SpoIIIE FisÀ cells (Fig. 3A-C) . In agreement with these results, we estimated that the probability of assembly for the cells represented by the kymographs in Figure 4G is 0.22, 0.55, 0.78, 0.88, 0.96, and 0.98 (for cells 1-6, respectively). Taken together, these simulations support a model in which the intermediate FRAP curves observed in spoIIIE , spoIIIE FisÀ , and spoIIIE FisÀATPÀ strains reflect repeated disassembly and assembly of a SpoIIIE channel at the septal midpoint, rather than the static assembly of a channel that is only partially permeable to lipid molecules.
Discussion
Our data indicate that SpoIIIE assembles a DNA translocation complex via a multistep pathway that requires both the transmembrane domain, which mediates dynamic localization to division sites and the assembly of unstable foci, and the cytoplasmic domain, which stabilizes the DNA translocation complex. We further demonstrated that the absence of SpoIIIE causes a severe defect in septal membrane fission when DNA traverses the septum, that daughter cell membranes are separated during DNA translocation, and that there is a quantitative association between septal membrane fission and the assembly of a stable DNA translocation complex. These findings provide the first direct experimental evidence that SpoIIIE assembly mediates septal membrane fission during sporulation (Liu et al. 2006; Burton et al. 2007 ).
The first step in the SpoIIIE assembly pathway is dynamic localization to active division sites, a process mediated by the transmembrane domain (Fig. 7A-C, step 1) . Epifluorescence microscopy initially suggested that SpoIIIE localizes as a ring at constricting septa (Sharp and Pogliano 2002) . However, the improved temporal resolution of TIRF microscopy reveals that these ''rings'' represent the blurred motion of rapidly moving molecules imaged with exposure times that are long relative to the rate of movement. The improved spatial resolution of live-cell PALM indicates that SpoIIIE localizes specifically to the leading edge of constricting septa. It is tempting to speculate that this localization might be mediated by the ability of the transmembrane domain to sense regions of increased membrane curvature, as demonstrated for several membrane proteins and wedge-shaped lipids (Huang et al. 2006; Ramamurthi et al. 2009 ).
The second step in SpoIIIE assembly is the formation of a focus at the septal midpoint, a process mediated by the transmembrane domain. Live-cell PALM demonstrates that there are similar numbers of SpoIIIE molecules moving at constricting septa as in the focus, suggesting that most SpoIIIE molecules at the nascent septum ultimately assemble into the septal focus. In keeping with previous studies (Bath et al. 2000; Sharp and Pogliano 2003; Liu et al. 2006) , we find that the transmembrane domain is capable of assembling foci at the septal midpoint, although TIRF microscopy demonstrates that these foci are less stable than those assembled by the full-length protein. Our data therefore suggest a third step in SpoIIIE assembly: stabilization of the transmembrane assembly by the cytoplasmic domain. We suggest that this step involves the engagement of the DNA motor domain with DNA that traverses the septum, which stabilizes the SpoIIIE complex for the duration of DNA translocation (Fig. 7A-C, steps 3, 4) . This stabilization might also require the linker domain, which appears to stabilize the motor domain of Escherichia coli FtsK (Dubarry and Barre 2010) . This DNA-dependent stabilization of the SpoIIIE focus likely explains previous observations that SpoIIIE assembles only in the presence of trapped DNA (BenYehuda et al. 2003a) , since transient foci and dynamic SpoIIIE molecules at nascent septa are difficult to image. Step 1) Initially, SpoIIIE dynamically localizes to the leading edge of constricting septa, but does not block lipid diffusion. As the membrane contacts DNA, the SpoIIIE transmembrane domain assembles around the trapped DNA (step 2) forming an unstable channel that can separate membranes (step 3). ( Step 4) The cytoplasmic motor domain then assembles on the DNA (likely only in the mother cell) (Becker and Pogliano 2007) , stabilizing the channel and forming a channel that blocks diffusion between the daughter cell membranes during DNA translocation. We show this structure to be a paired channel, although other arrangements are possible. ( Step 5) After DNA translocation, the motor domain releases DNA, and the complex disassociates to allow the terminus across the septum. SpoIIIE therefore has at least two domains that cooperate to mediate the assembly of the DNA translocation complex: the transmembrane domain that targets the protein to the septum (and likely assembles a channel at the septal midpoint), and the DNA motor domain that can hexamerize in the presence of DNA even in the absence of the transmembrane domain (Ptacin et al. 2008) . A critical question for future studies is how the assembly and disassembly of these domains are coordinated and coupled to the initiation and termination of DNA translocation.
Our membrane FRAP experiments and biophysical modeling results indicate that FM 4-64 diffuses through the cytoplasmic membrane with a diffusion coefficient of 0.4 mm 2 /sec, a rate that suggests that the dye molecules do not significantly impair free diffusion within the cytoplasmic membrane due to interactions with localized proteins or lipids. They also demonstrate that, in the absence of SpoIIIE, septal membrane fission does not occur, allowing FM 4-64 to diffuse into the bleached forespore membrane at rates consistent with the existence of a 10-nm opening in the septum. These results contradict a previous study in which fewer cells were bleached and fewer spoIIIE mutants were examined (see Supplemental Fig. S1 for discussion; Burton et al. 2007 ). However, consistent with this prior study, we find that translocation-defective and assembly-proficient SpoIIIE proteins are capable of blocking lipid diffusion through the septum. This suggests that the DNA translocation complex moves the DNA across separated daughter cell membranes. This finding is consistent with the paired channel model for SpoIIIE topology (Liu et al. 2006; Burton et al. 2007) , which postulates that SpoIIIE forms a channel that spans two lipid bilayers (Fig. 7) . Recent experiments indicate that the transmembrane domain of the SpoIIIE homolog FtsK can be replaced with other transmembrane domains (Dubarry and Barre 2010) . This suggests that DNA translocation does not depend on the assembly of a channel, which is consistent with our observations that the membrane fission-defective SpoIIIE mutant is DNA translocation-proficient (Liu et al. 2006) .
Our localization studies, FRAP analysis, and biophysical modeling efforts provide quantitative support for the model that assembly of SpoIIIE into a focus at the septal midpoint mediates septal membrane fission (Liu et al. 2006) . Most compelling of these findings is that the SpoIIIE transmembrane domain, which TIRF microscopy shows to assemble unstable foci, produces a wide range of FRAP recovery curves. Biophysical modeling of FRAP data indicates that this outcome can be readily recapitulated in simulations in which the SpoIIIE transmembrane domain alternates between fully assembled and disassembled states that either completely block or allow FM 4-64 diffusion across the septum, respectively (Fig. 7A-C,  steps 2, 3 ). This suggests that the variable FRAP outcomes in different cells reflect subtle changes in the probability of assembly of the transmembrane domain in each cell, perhaps due to cell-cell variations in the number of SpoIIIE molecules at the septum observed by PALM (Fig.  5) . If SpoIIIE does assemble a channel for the DNA, then the assembly and disassembly we observe would require that the hydrophilic amino acids that line the aqueous pore be masked in the disassembled subunits to prevent the energetically unfavorable interaction of these amino acids with the hydrophobic core of the lipid bilayer. This likely requires either the presence of membrane proteins that act as chaperones for the unfolded subunits, or rearrangements of the individual transmembrane segments to bury these regions.
Several genetic, biophysical, and cell biological experiments indicate that SpoIIIE translocates the two arms of the circular chromosome simultaneously (Wu and Errington 1998; Becker and Pogliano 2007; Burton et al. 2007; Ptacin et al. 2008) , although structural studies demonstrate that the DNA motor domain can only accommodate a single dsDNA strand (Massey et al. 2006) . It is therefore likely that the septum contains at least two SpoIIIE channels, one for each arm of the circular chromosome that traverses the septum. Translocating a circular chromosome through two adjacent channels poses a difficulty when the final loop of DNA reaches the septum. Our observation that the absence of the DNAbinding domain produces a channel that can assemble and disassemble suggests that, once the terminus reaches the septum, the DNA motor domain disassociates from the DNA and destabilizes the channel, opening a pore that allows the terminus to pass into the forespore (Fig.  7A -C, step 5). After DNA is cleared from the septum, SpoIIIE or another protein involved in septal membrane fission in the absence of DNA could permanently separate the membranes (Fig. 7A-C, step 6) .
Finally, our data emphasize the importance of thoughtfully considering the caveats of various imaging methods before interpreting cell biological data. First, although both epifluorescence microscopy and live-cell PALM appear to show that SpoIIIE localizes as rings at nascent division sites, TIRF microscopy shows that these rings are artifacts caused by blurring of dynamic molecules during long exposure times in epifluorescence microscopy and the compilation of molecules imaged over several minutes into a single image in PALM. Second, although the dynamic assemblies at constricting septa appear less intense than foci in both epifluorescence and TIRF microscopy, live-cell PALM demonstrates that there are similar numbers of SpoIIIE molecules at both assembly stages. Live-cell PALM has two attributes that likely account for this difference: the ability to detect and enumerate single fluorescent molecules, which eliminates the preferential detection of stationary rather than dynamic molecules, and the more effective elimination of noise during imaging processing that is facilitated by the intense burst of photons emitted by tdEOS during the short (50-msec) exposure time. Thus, PALM provides both improved spatial resolution and a more quantitative measure of SpoIIIE abundance, TIRF probes SpoIIIE dynamics at higher temporal resolution to visualize rapid steps in complex assembly, and epifluorescence provides a broad perspective of SpoIIIE dynamics throughout cell division and engulfment. Each method reveals different features of the SpoIIIE assembly pathway, which is characterized by a wide range of movement rates, from the very rapid movement around nascent septa (within seconds) to the more leisurely movement of the focus to the cell pole during engulfment (within 45 min). Integration of these approaches with biophysical modeling provides a mechanistic explanation of membrane fission that bridges the molecular and cellular scales.
Materials and methods
Strains and culture conditions
Strains are derivatives of B. subtilis PY79 (Supplemental Table  S2 ). Mutations were introduced by transformation with plasmids or genomic DNA (Dubnau and Davidoff-Abelson 1971) . See the Supplemental Material for details of plasmid construction, including oligonucleotide sequences (Supplemental Table S3 ). Cells were grown in 20%-25% LB, and sporulation was induced by resuspension (Becker and Pogliano 2007) at 37°C unless noted otherwise.
Microscopy
Except for PALM data, microscopy was performed on an Applied Precision optical sectioning microscope (Liu et al. 2006 ) using softWoRx version 3.3.6 (Applied Precision) and ImageJ for analysis. Cells were sporulated in the presence of 0.5 mg/mL membrane dye FM 4-64 and 0.5 mM nucleic acid stain Sytox Green (Invitrogen), as needed. Samples were immobilized on poly-L-lysine-treated coverslips, except for TIRF and time-lapse microscopy, which were performed on agarose pads (Becker and Pogliano 2007) . For time lapse, cells were placed on the agarose pad 1.5-2 h after resuspension and were incubated at 30°C during imaging. Images were collected every 90 sec for >30 min. TIRF microscopy used an Olympus 1003 1.65 Apo objective, immersion oil n = 1.78 (Cargille Laboratories), and sapphire coverslips (Olympus). TIRF images were collected approximately every 500 msec, until the sample photobleached using a 488-nm argon laser attached to an Applied Precision TIRF module set at 70% power for pulses of 0.2 sec. Kymographs were generated with ImageJ, making a montage of 0.06-mm 3 1.14-mm slices through the septum at each time.
Protoplast assay
Two hours to 2.5 h after initiation of sporulation, cells were concentrated 203 in SMM buffer, placed on a slide, and mixed with lysozyme (final concentration, 1 mg/mL) (Broder and Pogliano 2006) . Images were taken every 60 sec until all cells formed protoplasts, which was variable. Sporangia were scored as having either complete septal fission (if the septum remained throughout protoplast formation to generate two protoplasts) or incomplete septal fission (by septal retraction).
Quantification of FRAP
To maintain sufficient fluorescence to measure recovery after photobleaching, we sporulated cells in 2 mg/mL FM 4-64. After 2-2.5 h of sporulation at 37°C or 3 h of sporulation at 30°C, cells were pelleted by microcentrifugation at 7000 rpm for 10 sec, washed twice in sporulation media, resuspended in 1/20th vol of fresh sporulation media, and mounted on a poly-Lysine coverslip. Photobleaching was achieved with one 0.3-sec pulse from a 488-nm argon laser set to 20%-30% power. FRAP quantification was performed as described by Broder and Pogliano (2006) with the following modifications. To compare multiple FRAP events on a single graph, we calculated the cFR by determining the relative intensity of the bleached region to the unbleached region, and defining the bleach event as cFR = 0 and complete recovery as cFR = 1 for each photobleached sporangia (Supplemental Material; Wu et al. 2006) . Average cFR curves were obtained by averaging fluorescence recovery values at the same time points for each strain. The equation cFR(t) = A(1 À e Àt/t1 )(y 0 + Be Àt/t2
) was used for curve fitting.
Quantification of GFP fluorescence intensity
To avoid bleed-through of FM 4-64 fluorescence in the FITC channel, we sporulated cells in 0.25 mg/mL FM4-64. Images of the medial focal plane were taken 2 h after resuspension with a 3-sec exposure for GFP. GFP intensities were first modified by 3 3 3 binning using ImageJ to smooth fluorescence intensity when the peak is spread over 2 pixels versus centered over 1 pixel. GFP foci were identified using the ImageJ threshold tool. Only foci from sporangia with flat or slightly curved septa were quantified. The maximum fluorescence values for at least 200 foci for each strain were corrected for background fluorescence, normalized to the photosensor reading for each image to account for any changes in bulb intensity, and then averaged.
PALM acquisition and analysis
The PALM instrument was built on a commercial Olympus IX71 fluorescence microscope with two lasers, wavelengths 561 nm (Compass 561, 20 mW, Coherent, Inc.) and 405 nm (Cube, 405 nm, 100 mW, Coherent, Inc.), and an Olympus UAPO150xO/ TIRFM-SP NA1.45 objective. Fluorescence images were acquired by a low-noise, light-sensitive EMCCD (DV887ECS-BV, Andor). Cells were sporulated by resuspension at 30°C, and the membranes were stained with 0.05 mg/mL FM 5-95 and harvested at 3 h after sporulation. After two washes and then concentration, cells mixed with gold nanospheres (790122, MicrospheresNanospheres) were immobilized on poly-L-lysine-treated coverslips. FM 5-95-labeled membranes were imaged with the fluorescence filter set Semrock) , and then photobleached by illumination with intense 561-nm laser (;4.2 mW) for a few minutes prior to the PALM data acquisition to eliminate background fluorescence. After focusing to achieve partial TIRF, the 405-nm activation laser was turned on low (1.2-6.0 mW) and PALM data were acquired using an emission filter for tdEOS (FF01-588/21-25, Semrock). About 10,000 frames at 50 msec per frame were acquired and analyzed with programs written in MATLAB based on previously described algorithms (Betzig et al. 2006) . The molecular positions of local peaks (approximately eight times brighter than the background noise) were determined by fitting to two-dimensional Gaussian PSF, and in-plane sample drift was corrected by the localization of the bright Au-fiducials at nanometer accuracy (Yildiz et al. 2003) . See the Supplemental Material for further details.
